We produce 84 Sr2 molecules using Bose-enhanced Raman photoassociation. We apply the stimulated Raman adiabatic passage (STIRAP) technique on a Bose-Einstein condensate (BEC) to produce more than 8 × 10 3 ultracold molecules. This chemical reaction is only made possible because of the Bose enhancement of the optical transition dipole moment between the initial atomic state and an intermediate molecular state. We study the effect of Bose enhancement by measuring the transition Rabi frequency in a BEC and by comparing it with measurements for two atoms in sites of a Mott insulator. By breaking the dimers' bond and directly observing the separated atoms, we measure the molecular inelastic collision rate parameters. We discuss the possibility of applying Bose-enhanced STIRAP to convert a BEC of atoms into a BEC of molecules, and argue that the required efficiency for STIRAP is within experimental reach.
I. INTRODUCTION
The last decade has witnessed considerable progress in the study of chemical reactions at ultracold temperatures [1] [2] [3] [4] [5] [6] . While direct cooling and trapping of molecules is being developped [7, 8] , so far ultracold chemistry relies on the formation of molecules from ultracold atoms. This process requires the existence of a coupling mechanism between a free-atom state and a bound molecular state. Feshbach resonances provide such coupling, and they have been exploited to produce molecules starting from a variety of ultracold bosonic and fermionic atom gases [9, 10] . Moreover, Feshbach resonances have been used to convert a Bose-Einstein condensate (BEC) of atoms into a Bose-condensed gas of Feshbach molecules, a molecular BEC (mBEC) [11, 12] . However, suitable Feshbach resonances are only available in a limited number of systems, and they only allow the creation of molecules in high lying vibrational states, thus limiting experimental studies to a small class of chemical reactions. Another approach to the creation of a mBEC is Bose-enhanced stimulated Raman photoassociation (PA). This approach, which has been proposed in a number of theoretical works [13] [14] [15] , involves the coupling by optical fields to an intermediate optically-excited molecular state. This technique requires the many-body Bose enhancement of the intrinsically weak coupling between the atomic state and the intermediate molecular state, and as such represents an example of superchemistry, i.e. "the coherent stimulation of chemical reactions via macroscopic occupation of a quantum state by a bosonic chemical species" [16] . The main limitation in this optical scheme are the losses caused by spontaneous emission from the intermediate state. Stimulated Raman adiabatic passage (STIRAP) has been proposed as a method to minimize these losses [16] [17] [18] [19] [20] [21] . * Sr2molecules@strontiumBEC.com Until now, no direct observation of molecules produced by Bose-enhanced stimulated Raman photoassociation has been reported. Molecule creation through stimulated Raman PA has been demonstrated via atom loss spectroscopy of a BEC, where the stimulated transition rate was much smaller than the molecular lifetime [22] . One-color PA of a BEC showing a non-classical association rate was reported in [23] . Notably, the work of [24] demonstrated reversible association by Rabi oscillations using a narrow one-color transition between atoms and molecules in a vibrational state born by an excited electronic potential. Moreover, the initial sample of [24] is a BEC, which is coupled to a mBEC. Due to the excited state of the molecule, the yet undetermined lifetime of such a mBEC is expected to be short, and likely shorter than typical ground-state molecule lifetimes. A STIRAP exploiting the Bose enhancement of the dipole moment of the free-bound transition between the atomic state and the intermediate molecular state, would be a two-photon process capable of producing a mBEC of ground-state molecules. As an important step, two-color PA using a BEC was reported in [25] , showing the existence of atommolecule dark states in a BEC, a necessary requirement for STIRAP.
In this paper, we report the optical production of ultracold ground-state 84 Sr 2 molecules starting from a BEC of Sr atoms, via a STIRAP pulse sequence using optical transitions in the vicinity of a narrow intercombination line. This result requires the Bose enhancement of the free-bound transition Rabi frequency, which we investigate by comparing the free-bound Rabi frequency measured in this paper to that measured for two isolated atoms in a Mott insulator sample [26] . By disassociating the dimers back into atoms, we directly observe that more than 8. 
The energy is referenced to the ground-state asymptote. The laser fields LFB and LBB are given, along with the one-and two-photon detunings ∆ and δ for the Λ scheme {|a , |e , |m } used for STIRAP.
atomic BEC into a BEC of ground-state molecules could be observed, provided the STIRAP has a higher transfer efficiency, for which we suggest several methods.
II. EXPERIMENTAL STRATEGY
We apply a STIRAP sequence to convert Sr atoms in a BEC into molecules, using the Λ scheme that was adopted in our previous work [27] . Figure 1 shows the relevant potential energy curves of 84 Sr 2 in the BornOppenheimer approximation. The initial sample is a BEC composed of atoms in the electronic ground-state 1 S 0 , and we label |a the state associated with a pair of such atoms. The produced molecules populate the bound state |m , with binding energy ∆E m = h × 644.7372(2)MHz (with h being the Planck constant), corresponding to the second to last vibrational state ν = −2 of the potential X 1 Σ + g , which asymptotically correlates to two Sr atoms in 1 S 0 . We couple these two states via a third state |e , a molecular bound state with binding energy ∆E e = h × 228.38(1)MHz, corresponding to the vibrational state ν = −3 of the potential 1(0 + u ), which correlates to one atom in 1 S 0 and one in the optically excited electronic state 3 P 1 . The states |a and |e are coupled with Rabi frequency Ω FB by the free-bound laser L FB and |e is coupled to |m with Rabi frequency Ω BB by the bound-bound laser L BB .
The STIRAP Λ scheme is coupled to the environment mainly through spontaneous emission from |e . The STI-RAP sequence exploits the presence of a dark state, i.e. an eigenstate of the system orthogonal to |e , which can be adiabatically moved from |a to |m over the sequence time T , thus providing near-unit efficiency of atom-molecule conversion. The rotation of the dark state is controlled by the parameter Ω FB /Ω BB , which should be Ω FB /Ω BB 1 at the initial time and Ω FB /Ω BB 1 at time T . In a STIRAP sequence, the parameter Ω FB /Ω BB is tuned by the temporal intensity profile of L FB and L BB .
In order to observe the molecules we produce, we disassociate them back into atoms. We first produce Sr 2 by a STIRAP sequence that induces the transfer |a → |m . At the end of the STIRAP, we push away all remaining atoms by a pulse of light resonant with the 1 S 0 − 1 P 1 transition, therefore leaving only molecules in the trap. The molecules remain unaffected by this pulse, because their binding energy is much bigger than the transition linewidth Γ1 P1 2π × 30MHz. The reverse transfer |m → |a is obtained by the time-mirrored sequence of the laser beams intensity ramps used for STIRAP (see Fig. 2b ). We image the atoms resulting from dissociated molecules by using absorption imaging on the 1 S 0 − 1 P 1 transition. Despite the time-symmetry of the laser intensity ramps, the dissociation sequence is not related to a STIRAP process. Indeed, if population transfer is mostly due to Bose-enhanced two-photon processes, the dissociation efficiency can be significantly lower than the association efficiency, and the enhancement depends on the population of state |a surviving the push beam. We recover atoms by the dissociation sequence owing to both two-photon stimulated emission and spontaneous emission from |e . Therefore, the stated numbers of produced molecules are a conservative lower bound, which assumes an unrealistic 100% dissociation efficiency.
We produce the initial BEC of 84 Sr as in [28] . The BEC contains typically N ≈ 3.0 × 10 5 atoms with a peak density of n peak = 1.9(1) × 10 14 cm −3 . The trap frequencies are ω x = 2π×34Hz, ω y = 2π×22Hz and ω z = 2π×430Hz, where the z-axis is vertical. The Thomas-Fermi radii are R x = 20µm, R y = 31µm and R z = 1.6µm, and the chemical potential is µ = 90(3)nK.
The beam containing both laser fields, L FB and L BB , used for PA is horizontal and has a waist of 113 (2)µm. The polarization is linear and parallel to a vertically oriented guiding magnetic field of 5.30(5)G and thus only π transitions can be addressed. This field splits the Zeeman levels of state |e by 2π×1.65(1)MHz. Both L FB and L BB are derived from two injection-locked slave lasers seeded by the same master oscillator with a linewidth of less than 2π × 3kHz. The frequencies of these laser fields are tuned by acousto-optical modulators and the beams are combined into a single-mode fiber with the same polarization, so that the main difference on the atomic cloud are their intensity and frequency. This setup ensures good coherence between the two fields, whose beat note must match the Raman condition, i.e. the frequency difference must be equal to the binding energy of state |m . 
III. THEORY
The evolution of the population during the photoassociation sequence starting from a BEC is modelled by the set of equations [17, 25] 
where a = a(t), e = e(t) and m = m(t) are the amplitudes corresponding respectively to the atomic condensate field, the excited molecular field and the groundstate molecular field in the semi-classical approximation. Losses are described by the parameters γ a , γ e and γ m , which originate from the coupling of the three level system to the environment and which make the effective Hamiltonian non-Hermitian. In the absence of losses, the field amplitudes are normalized according to |a| 2 + 2|e| 2 + 2|m| 2 = 1. The free-bound Rabi frequency Ω FB between the atomic field and the excited molecular field is given by Ω FB = d BEC FB × E, where E is the electric field amplitude and d
BEC FB
is the Bose-enhanced transition dipole moment between the two fields. This quantity can be written as d
where d
Bare FB is the bare transition dipole moment calculated for a single atom pair of the condensate, and N is the number of atoms in the condensate [17] . Finally, the terms ∆ and δ are respectively the one-photon and two-photon detunings shown in Fig. 1 .
A criterion for a STIRAP transfer with near unit efficiency is to maintain the adiabaticity of the evolution of the dark state throughout the sequence. As discussed in [26, 29] , this translates into the constraint α =γT 1, withγ = Ω 2 FB,BB /γ e . For realistic experimental conditions, the sequence time T is limited by the lifetimes of states |a and |m , and the finite lifetime of the dark state. This puts a lower bound on the two Rabi frequencies Ω FB,BB . A good choice of the pair of states |e and |m can ensure a suitably strong bound-bound Rabi frequency Ω BB . On the contrary, the free-bound transition is intrinsically weak, due to the very small overlap between the wavefunction of a pair of atoms, whose characteristic length is determined by the trap, and the wavefunction of a single molecule, whose characteristic length is determined by the -much smaller -Condon point. Typically, for equal laser intensity, the free-bound Rabi frequency is several orders of magnitude smaller than the bound-bound Rabi frequency, which would make STI-RAP impossible for realistic experimental condittions. Since a BEC can contain on the order of 10 3 -10 8 atoms [30] , it has been predicted that the Bose-enhanced Ω FB can lead to a near-unit STIRAP efficiency [17] .
IV. BOSE-ENHANCED RABI FREQUENCY
We experimentally determine the free-bound Rabi frequency Ω FB for a BEC. This determination requires the knowledge of the natural linewidth of the excited state Γ e , which we assume is in our case the only contribution to the losses described by γ e , i.e. γ e = Γ e . In order to measure Γ e , we shine L FB on the BEC and record both the decay of the atom number over time and the spectral width of the loss signal. We make sure to use low intensities of the PA light in order to make light shifts irrelevant. In order to extract Γ e from these data sets, we simplify our model by adiabatically eliminating the variable e from eq. (1), imposingė = 0. The resulting equation for the atomic amplitude isȧ = − [26] and with values measured for 88 Sr 2 molecules [31] . The error in Γ e is dominated by the error in the measured width in one-color PA spectra.
In order to determine Ω FB , we next measure timedecay curves for a wide range of L FB intensities, at the fixed density n peak = 1.9 × 10 14 cm −3 of the BEC. The experimental curve for Ω FB as function of √ I FB presents deviations from linearity due to light shifts in the high power regime, and to inelastic processes at low Rabi frequencies and long pulse times. We derive a lower limit for the free-bound Rabi frequency of Ω FB = 2π × 3.6(6)kHz/ W/cm 2 , from the experimental data sets corresponding to high L FB intensities, where the effect of inelastic processes vanishes but the light shifts remain negligible.
In order to demonstrate the Bose enhancement of the dipole moment of the free-bound transition, we compare our measurement of Ω FB with the one performed in a Mott insulator (MI) sample of doubly-occupied sites [26] . In Fig. 3 we show the free-bound Rabi frequency as a function of n , where · represents the spatial average. For the measurement presented in this article, n is the density of the BEC calculated under the ThomasFermi approximation. For the measurements from [26] , n is the on-site density of a single atom. Moreover, the PA process is described by two different models in the case of a BEC (see eq. (1)) and in the case of a MI (see eq.
(1) in [26] ), so we need to be careful when comparing the free-bound Rabi frequencies. For this plot, we define Ω FB by considering the atom decay rate W a evaluated experimentally at the beginning of the PA pulse. As shown previously, in the BEC case the solution to the model isȧ = − To explain why our data demonstrates Bose enhancement, we first consider the BEC case and the MI case as two separate problems. We call n BEC the BEC density and we call n MI the on-site density in the MI. As discussed in detail in [26] , the free-bound Rabi frequency for two atoms in a lattice site of the MI is Ω MI FB = c n MI , where c is a constant that depends on the chosen free-bound PA line but not on the atomic density. We assume that this relation can be applied to the case of two atoms in a BEC, provided that we use n MI = n BEC /N , where N is the BEC atom number. The Rabi frequency for two atoms, i.e. the bare Rabi frequency, is then given by Ω Bare FB = c n BEC /N , which, for our experimental conditions, is roughly three orders of magnitude smaller than Ω 
√
N Ω Bare FB = c n BEC . As a consequence, we fit the BEC data together with the MI data, using a function with the form Ω FB = c 1 n . The fitted function is shown in Fig. 3 . The fit is successful, which demonstrates the Bose enhancement in the BEC case, and we derive Ω FB = 2π × 5.9(2) 10 −7 kHz cm 3/2 / W/cm 2 .
V. STIRAP PARAMETERS
Before producing molecules by STIRAP, we first measure the other parameters relevant to the STIRAP transfer efficiency, which are necessary inputs to solve the model of eq. (1) numerically. The results of our measurements together with the theoretical estimates of these parameters are compiled in Tab. I.
The bound-bound Rabi frequency Ω BB can be directly measured through loss spectroscopy, by probing the Autler-Townes splitting induced by Ω BB with the free-bound laser L FB [35] . We measure Ω BB = 2π × 234(5)kHz/ W/cm 2 , where the measurement error is the standard deviation resulting from the fit.
In our approach, both the one-photon detuning ∆ and the two-photon detuning δ depend on light shifts induced on the states of our Λ scheme. The free-bound laser L FB , whose intensity varies during STIRAP, induces a time-and space-dependent shift ∆ FB on the free-bound transition. It also induces a time-and spacedependent shift δ FB on the binding energy of state |m . The light shifts from the weak L BB laser are always negligible. We measure ∆ FB and δ FB by performing one-and two-color spectroscopy for several intensities of L FB , and obtain ∆ FB = 2π × 21(1)kHz/ W/cm 2 and δ FB = 2π × 17.0(2)kHz/ W/cm 2 . Both shifts are dominated by the shifts of state |a induced by the off-resonant Table I . Parameters of the chosen Λ scheme used for molecule creation from a BEC, measured experimentally and estimated theoretically. Symbols are defined in the text and illustrated in Fig. 1 . The theoretical values of ΩFB and ΩBB are obtained by using mapped grid methods [32] and the WKB approximation with the potentials given in [33, 34] 
, as discussed in [26] . More precisely ∆ FB ≈ δ FB ≈hΩ 2 FF /2∆E e , whereh is the reduced Planck constant and Ω FF is the Rabi frequency induced on the atomic transition
The DT induces space-dependent but timeindependent light shifts ∆ DT and δ DT , respectively on the free-bound transition and on the binding energy of state |m . We measure ∆ DT = 2π ×2.61(8)Hz/(W/cm 2 ), while δ DT is here negligible [26] . These time-independent shifts are compensated for by adapting the frequencies of the PA lasers. The remaining inhomogeneous energy spread originating from the finite size of the sample and the spatial profile of the trapping potential is too small to influence the STIRAP transfer efficiency and can be neglected. On the contrary, the time-dependent shifts ∆ FB and δ FB are not compensated for at all times, and can limit the efficiency.
The lifetime of the dark-state superposition τ Dark engineered during a STIRAP must be longer than the STI-RAP sequence time in order to achieve a high transfer efficiency. We measure this lifetime by shining both L FB and L BB on the BEC, with ∆ = δ = 0, and with Ω FB = 2π × 3.5kHz and Ω BB = 2π × 10kHz. These Rabi frequencies are chosen in order for the dark state to have a significant overlap with the initial atomic state. We observe a first fast exponential decay of the atom number and a second slower one, with 1/e time constants of 100(20)µs and 2.6(3)ms respectively. The former time constant corresponds to scattering on the free-bound line, while the latter corresponds to the lifetime τ Dark . One possible origin for this finite lifetime is the spatially varying mean-field shift across the BEC. We estimate this shift to be 2π × 0.37(5)kHz, which gives a dephasing time of 2.7(4)ms.
As shown in measurements presented in the following paragraphs, the molecule lifetime is long compared to the STIRAP pulse duration, so we can neglect the effect of γ m . Finally, the atomic loss term γ a is dominated by off-resonant scattering on the atomic 1 S 0 − 3 P 1 line and can also be neglected.
VI. MOLECULE PRODUCTION
We now apply STIRAP to a BEC and study its effects. We optimize the |a → |m transfer efficiency by varying the parameters Ω FB , Ω BB , T pulse and n peak while aiming for the maximum atom number after a STIRAP sequence followed by the push pulse and the dissociation transfer |m → |a , see Fig. 2 . We obtain the best efficiency for Ω FB = 2π × 6.0(4)kHz, Ω BB = 2π × 610(10)kHz, T pulse = 150µs, and n peak = 0.44(2) × 10 14 cm −3 . For this optimization, we also vary the frequencies of L FB,BB , but we keep them constant during the whole STIRAP+dissociation sequence. The maximum number of atoms having successfully undergone the |a → |m then |m → |a sequence is 16.2(1.4) × 10 3 . Assuming a hypothetical 100% efficiency for the |m → |a transfer, we derive a lower limit for the number of molecules produced of N mol,MIN = 8.1(0.7) × 10 3 . Under this assumption, the lower limit for the STIRAP efficiency is η MIN = 5.1(6)%, which is orders of magnitude higher than the minute 3.1(8) × 10 −7 % efficiency that is expected without Bose-enhancement of Ω FB . For this reason, the non-zero number of atoms having successfully undergone the |a → |m then |m → |a sequence is proof of the Bose enhancement of the free-bound transition dipole moment. For the experimentally optimized parameters, our numerical model using eq. (1) predicts an efficiency of η 9(2)% for STIRAP, which gives N mol = 14.4(3.5) × 10 3 molecules produced and a dissociation efficiency of 55(20)%. The error bars for this number comes from our measurements of all the relevant STIRAP parameters.
We measure the lifetime of the molecules we produced, which originates from inelastic collisions between two molecules or between a molecule and a Sr atom. We measure the molecular lifetime both in a pure Sr 2 sample and in a mixture Sr 2 + Sr, depending on when the push pulse is applied. The number of molecules as a function of the hold time is shown for both cases in Fig. 4 , together with exponential fits. Assuming the STIRAP efficiency provided by our theoretical model, we measure a 1/e time τ Sr2 = 2.7(9)ms for a pure Sr 2 sample containing 5(1) × 10 3 molecules, and τ Sr+Sr2 = 0.54(3)ms for a mixture of 170 × 10 3 Sr atoms and 4.5(8) × 10 3 molecules. From these lifetimes we can extract collision rate parameters considering losses that arise only from two-body inelastic collisions, when molecules are changing vibrational level and gaining enough kinetic energy to leave the trap [36] . Since the decay time is fast compared to the trapping frequencies, we assume the spatial distribution of Sr atoms to be the same as the one before STIRAP, and the Sr 2 distribution to coincide with the one describing the center of mass of an atom pair before STIRAP. We first fit the decay curve of the pure molecular sample and retrieve a two-body molecular collision rate parameter K mm = 3.4
We then fix this parameter and fit the molecule number decay in the mixture of both atoms and molecules. Neglecting the small variation of the atom number during the experiment time, we retrieve the atom/molecule two-body collision rate parameter K ma = 8.7
+5.3 −3.5 × 10 −11 cm 3 /s. The stated uncertainties arise both from the statistical variation on the retrieved atoms number and from the measured uncertainties on the parameters presented in Tab. I.
We can compare our measurements with the universal rate parameters for low-energy s-wave inelastic collisions given in [36, 37] . This model assumes unit probability of reaction at short range, and infers a universal collision rate parameter K ls = 2g(h/µ)a, where g is either 1 or 2 for distinguishable or indistinguishable particles, respectively. a is the van der Waals length, which for asymptotic dispersion potentials of the form −C 6 /r 6 is a = 0.47799 × (2µC 6 /h 2 ) 1/4 . The C 6 parameter is here the effective C 6 derived from the atomic coefficient C a 6 , i.e. C 6 = 4C a 6 and C 6 = 2C a 6 for moleculemolecule and molecule-atom collisions, respectively. For Sr this model predicts K ma = 6.8 × 10 −11 cm 3 s −1 and K mm = 6.0 × 10 −11 cm 3 s −1 . The former value is consistent with our measurement, while the latter is roughly a factor of 5 smaller that the measured one. This could be due to an underestimation of the molecular density in our sample, or a departure from universality [36] .
VII. STIRAP LIMITATIONS
We now analyse the STIRAP efficiency using the theory discussed in [18, 26] . Since our system fulfills Ω FB < γ e , we operate in a regime of strong dissipation. The three relevant parameters in the problem are then α =γT , A = δ/γ, and T , whereγ = Ω 2 FB,BB /γ e ≈ Ω 2 FB /Γ e . We consider the light shift δ FB induced by L FB on the binding energy of state |m as the only contribution to the two-photon detuning δ, therefore neglecting the time-dependent mean field shifts addressed in [18] , which thus leads to A ≈ δ FB /γ. Indeed the optimized parameters for STIRAP lead to a shift δ FB = 2π × 135kHz, which is much bigger than the mean-field shift of about 2π × 1kHz, thus justifying this approximation. An efficient STIRAP requires α π 2 , which ensures the adiabaticity of the transfer, |A| 1, which ensures a long lifetime of the dark-state superposition, and T τ Sr+Sr2 , which ensures small losses from state |m . As discussed in detail in [26] , the parameter A depends only on molecular physics and is here given by
)hγ e /2∆E e , where N is the BEC atom number, and FCF FB and G = 1/ √ 3 are respectively the Franck-Condon factor and the geometric factor of the free-bound transition [38] . From our measurements we derive |A| ≈ 18 1 and α 4 < π 2 . We think the experimental constraint on α is imposed by the strong losses induced by the high |A|, which prevent a near-unit efficiency STIRAP. We conclude that the main limitation to the STIRAP efficiency in our system is the short lifetime of the dark state, due to the time-dependent light shift δ FB .
One way to significantly increase the dark-state lifetime is to compensate δ FB at all times during the STI-RAP sequence. This has been achieved for our Λ scheme in the case of STIRAP on Sr atoms in a Mott insulator [26] , allowing for a transfer efficiency higher than 80%. By numerical simulation of eq. (1), we find that adapting this compensation technique to our case will allow us to reach an efficiency of 40%. The remaining limitation will then be the short molecular lifetime, which will put an upper bound on the parameter α. However, since α ∝ FCF 2 FB , the STIRAP efficiency can be further increased by choosing a Λ scheme with a stronger free-bound transition, i.e. with a bigger Franck-Condon factor, if available. A STIRAP with near-unit efficiency applied on a BEC would ensure the coherent optical production of a molecular BEC [11, 12, 24] . In particular, the short molecular lifetime, which might prevent the sample from reaching thermal equilibrium, could be circumvented by a second STIRAP towards the potentially much more stable rovibrational groundstate [39, 40] .
VIII. CONCLUSION AND OUTLOOK
In conclusion, we have demonstrated the bosonic enhancement of the free-bound transition dipole moment in a Sr BEC and we have exploited it to coherently produce ultracold Sr 2 ground-state molecules using a STI-RAP pulse sequence. We derive a STIRAP efficiency of 9(2)% and find it to be strongly limited by the finite lifetime of the dark-state superposition. However, we calculate that by optically compensating the time-dependent light shifts, as demonstrated in [26] , an efficiency of 40% should be achievable. Further increase in the efficiency is possible if stronger free-bound lines are used. We directly observe the products of this superchemistry reaction [16] and measure their inelastic collision rate parameters. Inelastic collisions result in lifetimes short but sufficient to allow a second STIRAP toward potentially more stable rovibrational ground-state molecules [39, 40] . Provided higher transfer efficiencies and longer lifetimes, it might be possible to produce a molecular sample that would be stable enough to reach thermal equilibrium and would feature a mBEC.
